ABSTRACT
INTRODUCTION
Motor evoked potentials (MEPs) were recorded from surface electrodes placed in a belly-96 tendon arrangement over the first dorsal interosseous (FDI) muscle of the right hand. The 97 EMG signal was amplified (x500), digitised (sample rate 10kHz; Labview 8.6, National
98
Instruments), and stored on a computer. All measurements were taken at rest. EMG was 99 monitored throughout the sessions, and EMG data for 100 ms prior to each TMS was 100 stored and checked off-line.
101

TMS
102
Stimuli were delivered using a 7cm figure-of-eight coil connected to a dual-pulse resting motor threshold (RMT) was defined as the lowest stimulator intensity required to 107 elicit small MEPs (>50µV peak-to-peak amplitude) in at least half of 10 trials over the 108 optimal scalp position.
109
Study 1. Paired-pulse Intervention Protocols
110
Two paired-pulse TMS interventions, with inter-pulse intervals (IPIs) of 2 ms and 1.5 ms,
111
were compared (referred to as ITMS 2 and ITMS 1.5 respectively). Paired stimuli were 112 delivered every 5 seconds for 15 minutes (180 stimuli). Both stimuli in the pair were of 113 equal intensity and set for both interventions such that paired-pulse MEP amplitude was 114 ~1 mV at an IPI of 1.5 ms, which was verified with a run of 12 paired-stimuli.
115
Ten healthy individuals were recruited for the crossover study (4 female; 23-29 years of 116 age) comparing ITMS 2 and ITMS 1.5 . The order of sessions was pseudorandomised and 6 counterbalanced between subjects, with gender also balanced and a minimum inter-118 session period of 1 week.
119
In an additional experiment in 4 subjects, the stimulus intensity for the ITMS 2 protocol 120 was increased (maintaining S1=S2) so that the stimulus pair yielded a MEP of ~1mV and 121 was thus amplitude-matched to the ITMS 1.5 study. This protocol is referred to as ITMS 2 *.
122
Corticospinal excitability was compared before and after the interventions with single-123 pulse TMS. Intensity was set at baseline to generate a MEP of ~1 mV. Sets of 12 stimuli 124 were delivered (5 second intervals; total collection period 1 minute), the first two stimuli 125 were discarded to allow for a settle-in period, and peak-peak MEP amplitude for the 126 following 10 responses was averaged. Two baseline runs were performed (mean of the 127 two used to compute baseline amplitude), and measurements made at 2, 5, 10, 15 and 20 128 minutes post-intervention.
129
Study 2. Short-intracortical Inhibition (SICI) protocol and RMT
130
To establish whether the 2 ms intervention could have modified the level of inhibition, SICI 131 and RMT were measured in a separate session in nine subjects, five of whom had also 132 participated in the first crossover study (6F, 23-29 years of age). SICI was measured using 133 condition-test stimulus (CS, TS) pairs at an interval of 2 ms, as contamination by SICF is 134 minimal at this IPI (Peurala et al. 2008) , and compared to the response to TS alone. TS 135 intensity was set to give a MEP of ~1 mV amplitude at baseline, and CS intensity was set to 136 give 50% inhibition of the TS response in order to keep the measurement sensitive to change 137 and avoid floor or ceiling effects (Cash et al. 2010; McDonnell et al. 2006; Muller-Dahlhaus 138 et al. 2008) . CS intensity was initially set to 65% RMT, as this has been shown to be optimal 139 for eliciting ~50% SICI and is well below the threshold for evoking SICF (cf. et al. 2006; Peurala et al. 2008) , and then CS intensity was adjusted attained (which was 31±3% of unconditioned TS MEP amplitude), in order to confirm that 146 the 50% SICI level was sensitive to both increases and decreases in SICI. 147 two TS intensities were used: (i) intensity matched -same intensity as prior to intervention (9 148 subjects) and (ii) amplitude matched (ŦS) -intensity adjusted to give 1 mV (6 subjects). 
Data Analysis
152
Results are expressed as mean ± SEM. An independent samples t-test was used to 153 compare baseline TS amplitude between interventions to rule out inter-session differences 154 or carry-over effects.
155
Baseline paired-pulse MEP amplitude at an IPI of 1.5 ms (mean of 12 stimuli) was 156 compared between the two interventions using an independent samples t-test. The mean 
Post-intervention
191
The linear mixed models analysis revealed a significant effect of intervention (p<0.001).
192
Following ITMS 2 , MEP amplitude was significantly reduced at 2, 5, 10 and 15 minutes, to At the stimulus intensity used for ITMS 2 *, the ratio of MEP amplitude for paired-pulse TMS 213 (2ms IPI) to single-pulse TMS (at the same intensity) was 108%. 
SICI and RMT
Discussion
229
Repetitive paired-pulse stimulation of the motor cortex at an IPI of 1.5 ms using the ITMS 230 protocol transiently increased corticomotor excitability by a mean of ~170% for ~15 minutes. 
13
A possible confound to the LTD-like interpretation of ITMS 2 is that a 2 ms IPI is commonly 289 used to evoke SICI, and therefore the reduction in MEP amplitude may not have been a 290 correlate of LTD of excitatory-excitatory synapses, but rather a potentiation of inhibitory-291 excitatory synapses that mediate GABAergic inhibition. SICI is measured using a sub-292 threshold conditioning stimulus (CS) followed 2-3 ms later by a supra-threshold test stimulus 293 (TS). The CS activates GABA A ergic networks which inhibit the response to TS, and the ratio 294 of the amplitude of the MEP for the conditioned TS over that for TS alone is used as an index 295 of the strength of GABA A inhibition. A previous TMS intervention, designed to target SICI 296 networks by using low-intensity stimulation as described by Kujirai et al. (1993) to elicit 297 SICI, showed that 25 mins of very low-intensity (80% AMT) paired stimulation (3 ms IPI, 298 500 pairs) can increase both RMT and SICI (Khedr et al. 2004) , and argued that this results
299
from an increase in the effectiveness of inhibition. Our ITMS 2 protocol differs from this in 300 that we used pairs of higher intensity stimulation (at or above RMT). However, to be certain due to a reduction in late I-waves (e.g. I3) which are also the I-waves targeted by CS in SICI 309 protocols. As a result, these I-waves are not available to be conditioned by CS, and SICI 310 appears reduced. Adjusting TS to match pre-intervention TS-MEP amplitude should restore 311 later I-waves such that they are again available to be conditioned. Under such circumstances evidence for an increase in inhibition after the intervention that could have explained a 314 decrease in excitability after ITMS 2 . A further consideration is that ITMS 2 may have 315 increased SICI but that there was also an increase in excitability that precisely counter-316 balanced this change. However, this seems unlikely as TS MEP amplitude would be expected 317 to remain constant after the intervention under the influence of a balanced increase in 318 inhibition and excitability (Butefisch et al. 2003) , rather than be reduced as observed here.
320
For the main experiments, stimulus intensity was kept the same for both ITMS 1.5 and ITMS 2 321 so that the only parameter adjusted was the pulse interval. The intention was to explore time-322 based plasticity mechanisms. However, we also performed an additional experiment in which 323 we amplitude-matched the two interventions by increasing ITMS 2 intensity, and found that 324 the adjusted ITMS 2 * intervention had no significant effect on cortico-motor excitability.
325
These higher intensities may have altered the interaction between S1 and S2, and we 326 observed that there was little difference between paired-pulse and single-pulse MEP 327 amplitude at baseline, suggesting that paired-pulse interaction was in fact minimal. This 328 differed to the unadjusted ITMS 2 condition, in which there was a summation effect of the two 329 pulses but not a facilitation. Thus the adjusted intervention could be thought of as similar to a 330 period of single-pulse stimulation, which is known not to modulate excitability (Benwell et 331 al. 2006; Murase et al. 2005 ). We did not perform the inverse adjustment, namely reducing 332 ITMS 1.5 intensity to amplitude-match that of ITMS 2 , however it seems likely that at the 333 correspondingly very low stimulus intensity the interaction between pulses would be reduced 334 and the intervention would not be as effective. This highlights the importance of selecting a 335 TMS intensity that activates target networks sufficiently but without saturation.
15
We have previously provided evidence that ITMS 1.5 acts at the cortical level (Thickbroom et 338 al. 2006) , and it seems unlikely that the subtle change in timing for ITMS 2 would cause a 339 switch to a spinal mechanism, however we can not rule this out based on the present data.
340
Given the short intervals between successive stimuli in each doublet, there may have been 341 some refractoriness following the first stimulus. However this seems unlikely given the high-342 frequency discharge capability of the networks involved, that an IPI at the lesser interval of 343 1.5 ms is in fact facilitatory and leads to SICF (Tokimura et al. 1996; Ziemann et al. 1998 
